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Mitotic Hyperphosphorylation of the Fission Yeast
SIN Scaffold Protein cdc11p Is Regulated
by the Protein Kinase cdc7p
perphosphorylated form (Figure 1B). Together, these
data demonstrate, first, that mitotic cdc2p activity is
not required for hyperphosphorylation of cdc11p and,
second, that activation of the SIN correlates with accu-
mulation of hyperphosphorylated cdc11p.
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cdc7p Function Is Required for Mitotic
Hyperphosphorylation of cdc11p In VivoSummary
It has been proposed that plo1p is important for activa-
tion of the SIN [10]. In the mutant plo1-ts4, which isThe fission yeast septation initiation network (SIN) trig-
defective in SIN signaling but not spindle formation [10],gers the onset of septum formation and cytokinesis
hyperphosphorylated cdc11p was observed during mi-[1, 2]. SIN proteins signal from the spindle pole body
tosis, even though the cells were not septating (Figure(SPB), to which they bind in a cell cycle-dependent
1C). Immunofluorescence indicated that both byr4p andmanner, via the scaffold proteins sid4p and cdc11p
cdc7p showed a normal, asymmetric distribution during[3–5]. cdc11p becomes hyperphosphorylated during
mitosis (Figure 1C, and data not shown). Therefore, theanaphase, when the SIN is active [4]. We have investi-
defect in SIN signaling in plo1-ts4 cells is not due to agated the phosphorylation state of cdc11p during mi-
failure to recruit cdc7p to the SPB, to displace byr4ptosis in various mutant backgrounds. We show that
from one spindle pole body, or to hyperphosphorylateassociation of cdc11p with the spindle pole body is
cdc11p during mitosis. Additional experiments indi-required for its phosphorylation and that ectopic acti-
cated that neither mph1p nor fin1p regulate the phos-vation of the SIN results in hyperphosphorylation of
phorylation of cdc11p (see the Supplementary Materialcdc11p. We demonstrate that mitotic hyperphosphor-
available with this article online).ylation of cdc11p requires the activity of cdc7p and
Therefore, we investigated whether the “core” SINthat its dephosphorylation at the end of mitosis re-
kinases were required for mitotic hyperphosphorylationquires PP2A-par1p. Furthermore, spindle checkpoint
of cdc11p. The hyperphosphorylated form (3) of cdc11parrest prevents cdc11p hyperphosphorylation. Finally,
was observed during mitosis in both sid2-250 and sid1-we show that the septation inhibitor byr4p interacts
239 mutants (Figure 1D), which phenocopy their respec-preferentially with hypophosphorylated cdc11p. We
tive null alleles [11, 12], and also in a sid2-250 sid1-239conclude that cdc11p hyperphosphorylation corre-
double mutant (Figure 1D); this finding indicates, first,lates with activation of the SIN and that this may be
that neither kinase is required for cdc11p phosphoryla-mediated primarily by cdc7p in vivo.
tion and, second, that sid1p and sid2p are not function-
ally redundant for cdc11p phosphorylation. In contrast,
Results and Discussion in cdc7-24, the hyperphosphorylated form of cdc11p (3)
was greatly reduced, and the intensity of the hypophos-
Activation of the SIN Correlates with phorylated forms (1 and 2) increased (Figure 1E). A simi-
Hyperphosphorylation of cdc11p lar result was observed in cdc7-A20 (data not shown).
To investigate which kinase(s) mediate hyperphosphor- Furthermore, no mitotic hyperphosphorylation of cdc11p
ylation of cdc11p during mitosis, the phosphorylation was seen in spg1-B8 at the nonpermissive temperature
state of cdc11p was examined in synchronous cultures (Figure 1E), when cdc7p does not localize to the SPB
of various mutants. Inactivation of cdc16p [6] or byr4p [7] [13]. Finally, when cdc7 was expressed ectopically in
results in constitutive SIN signaling. byr4 is an essential G2-arrested cells, cdc11p accumulated in the hyper-
gene, and no temperature-sensitive mutant is available phosphorylated form (3) (Figure 1F).
[7]; but, attenuation of SIN signaling can rescue the To confirm the effect of varying cdc7p activity upon
lethality of byr4::ura4 [8]. In a mob1-R4 byr4::ura4 cdc11p phosphorylation, we used the mutant cdc7-A20
mutant, and also in cdc16-116 grown for 5 hr at 36C, cdc16::ura4 (SP2198) [8], in which suppression of the
cdc11p accumulated in the hyperphosphorylated (3) multiseptate phenotype of cdc16::ura4 is conditional.
form (Figure 1A). In contrast to the cdc16-116 mutant, At 36C, cdc7-A20p is inactive and the cells display a
the hypophosphorylated form (1) was largely absent in SIN phenotype, while, at 32C, the kinase is attenuated
the mob1-R4 byr4::ura4 mutant, probably reflecting and the cells resemble wild-type. At 25C, when signifi-
the difference in time the cells have spent without GAP cant cdc7p function is restored, cells show the multisep-
function. tated phenotype of cdc16::ura4. Cells were arrested in
Increased expression of spg1p activates the SIN and HU at 32C and then released at 36C, 32C, or 25C. No
promotes septation without the requirement for entry significant hyperphosphorylation of cdc11p occurred at
into mitosis [9]. In G2-arrested cdc2-17 cells overex- 36C (Figure 1G). In contrast, at 32C, when cells under-
pressing spg1p, cdc11p was predominantly in the hy- went septum formation, some hyperphosphorylation of
cdc11p was observed, while, at 25C, when cells be-
come multiseptated, the amount of the hyperphosphor-*Correspondence: viesturs.simanis@isrec.unil.ch
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Figure 1. Activation of the SIN Correlates
with Hyperphosphorylation of cdc11p, which
Requires cdc7p Function
cdc11p phosphorylation was assessed by
probing Western blots of protein extracts
from various cdc11-HA-tagged strains with
12CA5. Since many of the mutants used are
mainly heat sensitive, synchronous cultures
were generated by hydroxyurea (HU) arrest-
release. Wild-type cells were synchronized in
early S phase by the addition of hydroxyurea
to 12 mM (HU) at 25C. In these cells (I),
cdc11p was seen in the hypophosphorylated
and phosphorylated interphase forms (marked
1 and 2, respectively). After 5 hr, the HU was
washed out, and cells were incubated at
36C. Samples (M) were taken after approxi-
mately 100 min, when cells had entered ana-
phase, unless otherwise stated. In extracts
from these cells (M), the hyperphosphory-
lated forms of cdc11p were also seen. The
kinetics of anaphase entry after release from
HU arrest are given in the Supplementary
Material. Since the various phosphorylated
forms of cdc11p do not always resolve identi-
cally, all gels have a sample marked wild-type
(I) from interphase-arrested cdc11-HA cells
(forms 1 and 2) and a sample (M) from ana-
phase cdc11-HA cells (forms 1, 2, and 3). For
each mutant, I and M are the interphase and
anaphase samples, respectively.
(A) cdc11-HA cells were arrested by incuba-
tion in yeast extract (YE) containing 12 mM
HU at 25C for 5 hr. Cells were resuspended
in YE without HU and were incubated at 36C.
Samples were taken before release (0 min)
and during anaphase (approximately 100 min)
after release. cdc11-HA or cdc16-116 cdc11-
HA cells were grown at 25C to exponential
phase and were shifted to 36C for 4 hr.
cdc11-HA byr4::ura4 mob1-R4 cells were
grown at 25C.
(B) cdc11-HA cdc2-17 leu1::pint5(ura4)-
spg1 cells were incubated in medium without
thiamine for 12 hr at 25C, then shifted to 36C
for 5 hr to impose the cell cycle arrest as
spg1p expression was induced (spg1OE). M
is a mitotic wild-type sample, spg1OE corresponds to cells expressing increased levels of spg1p. cdc2-17 cdc11-HA cells grown in the same
medium served as control (C).
(C) The mutant plo1-ts4 cdc11-HA was arrested in interphase by incubation in HU at 25C and was then released from the block at 36C.
Samples were taken at the time of release (I) and at the time of anaphase (M). Anaphase cells were fixed, and indirect immunofluorescence
was performed with antibody to byr4p.
(D and E) Cells of the indicated mutant strains, all of which also have the cdc11-HA allele, were arrested in interphase by incubation in HU
and were released from the block at 36C. Samples were taken at the time of release (I) and at the time of anaphase (M).
(F) cdc25-22 cells transformed with pREP3-cdc7 were induced to express cdc7 for 12 hr at 25C and were then shifted to 36C for 4 hr to
impose the G2 arrest as cdc7 expression peaked.
(G) cdc11-HA cdc16::ura4 cdc7-A20 cells were grown at 32C and were arrested by incubation in HU. Cells were released from the block
at the indicated temperatures, and samples were taken as cells passed through anaphase at the indicated temperatures.
ylated forms (3) of cdc11p increased (Figure 1G). To- with this, in mutants such as cdc16-116 or byr4::ura4,
in which cdc7p is present on both spindle pole bodies,gether, these data indicate that cdc7p is required for
the hyperphosphorylation of cdc11p during mitosis in the hyperphosphorylated form (3) of cdc11p is more
abundant.vivo.
All three forms of cdc11p are present during a highly To date, we have been unable to demonstrate phos-
phorylation of cdc11p by cdc7p in vitro. While we cannotsynchronized passage through mitosis, indicating that
not all the cdc11p becomes hyperphosphorylated. This eliminate the possibility that the conditions we have
used are inappropriate, it is possible that cdc11p canmay reflect the fact that the spindle pole bodies are
asymmetric with regard to the presence of cdc7p during only be efficiently phosphorylated by cdc7p when it is
associated with the SPB. For example, binding to sid4panaphase; thus, cdc11p would become hyperphosphor-
ylated on one pole but not the other [13]. Consistent and/or the presence of spg1p may be necessary to pro-
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Figure 2. Spindle Assembly Checkpoint Acti-
vation Blocks cdc11p Hyperphosphorylation,
and byr4p Is in a Complex with the Interphase
Forms of cdc11p
Western blots of the protein samples were
probed with 12CA5 to detect cdc11-HAp or
antibody to byr4p. In (A) and (E), wild-type
I and M are protein samples prepared from
cdc11-HA cells in interphase and anaphase,
respectively.
(A) nda3-KM311 cdc11-HA cells were ar-
rested in mitosis by incubation at 19C for 5
hr. The exponentially growing control at 32C
served as control.
(B) nda3-KM311 cells were fixed by the addi-
tion of paraformaldehyde to 3% (v/v), and in-
direct immunofluorescence was performed
by using antibody to byr4p, followed by Fluo-
rescein-conjugated secondary antibody. Un-
der the conditions used, cells have not yet
condensed their chromosomes, and 80% of
cells showed staining for both byr4p and
cdc7p.
(C) Protein extracts were prepared from either
wild-type or cdc11-HA cells, and immunopre-
cipitation was performed with 12CA5 anti-
body. Western blots of the extracts and pre-
cipitated proteins (IPP) were probed with
antiserum to byr4p.
(D) Protein extracts were prepared from either
byr4::ura4 mob1-R4 cdc11-HA or cdc11-HA
cells, and immunoprecipitation was per-
formed by using antibody to byr4p. Western
blots of the extracts and precipitated proteins
(IPP) were probed with antiserum to 12CA5.
(E) cdc11-HA cdc25-22 cells were synchro-
nized by arrest-release, and a protein extract
was prepared from cells 80 min after release.
Immunoprecipitation was performed by using
antibody to byr4p. Western blots were
probed with 12CA5. E is the extract from the
cdc25-22 arrest-release used for the immu-
noprecipitation shown in the adjacent lane. I
is the interphase extract, and M is a mitotic
extract.
vide the correct environment for phosphorylation by sis, byr4p, but not cdc16p, is detected on the SPB [14];
second, that, in the absence of cdc16p, byr4p preventscdc7p (see below). Alternatively, cdc7p may be able
to phosphorylate cdc11p only when the latter is in its GTP hydrolysis by spg1p [16]; and, third, that associa-
tion of cdc7p with the SPB requires spg1p [9]. Thus, ininterphase phosphorylation state (form 2); so, cdc11p
produced in E. coli would not be a suitable substrate. early mitosis and checkpoint-arrested cells, the pres-
ence of byr4p might stabilize the GTP-bound form ofFinally, it is possible that cdc7p activates another, as
yet unidentified, kinase that is responsible for the mitotic spg1p, permitting stable binding of cdc7p to the spindle
pole body.hyperphosphorylation of cdc11p.
The finding that cdc11p is not hyperphosphorylated
in spindle assembly checkpoint-arrested cells indicatesSpindle Assembly Checkpoint Activation Prevents
that the activity of cdc7p upon cdc11p is inhibited. Previ-cdc11p Hyperphosphorylation
ous studies have shown that bulk, soluble cdc7p kinaseIn nda3-KM311-arrested cells, when the spindle assem-
activity does not fluctuate in vitro through the cell cyclebly checkpoint is activated and septation is inhibited,
[13]. In S. cerevisiae, Cdc15p (the ortholog of cdc7p) iscdc11p was in the interphase form (Figure 2A), despite
inhibited by CLB-CDC28 kinase activity and activatedthe fact that cdc7p is on the spindle pole body [11, 13].
by Cdc14p in vitro [17, 18]. Thus, by analogy, it is possi-Previous studies [14, 15] had not studied the localization
ble that the SPB-associated pool of cdc7p is regulatedof byr4p in checkpoint-arrested cells. Immunofluores-
by cdc2p and clp1p/flp1p, which are also both locatedcence showed that byr4p was also present on the SPB
on the SPB [19–22]. Another explanation (not mutuallyin the arrested cells (Figure 2B). This result was unex-
exclusive with the first) is that the presence of byr4p onpected, since byr4p and cdc7p are mutually exclusive
the spindle pole body prevents cdc11p hyperphosphor-on the SPB during the majority of the cell cycle [13–15].
In this context, it is noteworthy, first, that, in early mito- ylation, perhaps by blocking access to phosphorylation
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sites on cdc11p. If this is the case, displacement of
byr4p from one spindle pole during anaphase [14, 15]
would permit cdc7p to phosphorylate cdc11p on that
pole, while signaling from the other would be inacti-
vated.
byr4p Is in a Complex with the Interphase, but Not
the Hyperphosphorylated, Forms of cdc11p
In S. cerevisiae, Nud1p, the ortholog of cdc11p, is found
in a complex with Bfa1p (byr4p) [23]. In the course of
two-hybrid analysis using cdc11p as bait, we detected
an interaction between byr4p and cdc11p (data not
shown). We therefore examined whether a complex con-
taining both cdc11p and byr4p was present in S. pombe
cell extracts. Immunoprecipitates using the antibody
12CA5 were performed on protein extracts from cdc11-
HA or wild-type cells. Western blotting showed that Figure 3. PP2A-par1p Contributes to Dephosphorylation of cdc11p
byr4p was present in the immunoprecipitates only if at the End of Mitosis, and SPB Association of cdc11p Is Required
cdc11p was HA tagged (Figure 2C). The reciprocal ex- for Its Phosphorylation In Vivo
periment was performed by using antiserum to byr4p In all the panels, Western blots were probed with 12CA5 to detect
cdc11-HAp.to immunoprecipitate from extracts prepared from either
(A) cdc25-22 cdc11-HA par1::ura4 or cdc25-22 cdc11-HA cellscdc11-HA byr4 or mob1-R4 cdc11-HA byr4::ura4
were arrested for 4 hr at 36C and were released to 25C. Samplescells. Western blotting with 12CA5 indicated that cdc11p
were taken at the indicated time points (in minutes) after release.
was present in the immunoprecipitation only when byr4p (B) sid4-SA1 cdc11-HA cells were grown at 19C to exponential
was present in the extract (Figure 2D). Immunoprecipita- phase and were then shifted to 36C for 5 hr.
tion with antiserum to byr4p from protein extracts pre- (C) cdc11-HA cells were transformed with pREP3 containing a frag-
ment of cdc11 expressing amino acids 442–1045 of cdc11p. Cellspared from mitotic cells generated by cdc25-22 arrest-
were grown to exponential phase, without induction of the nmt1release revealed that that cdc11p forms (1) and (3) were
promoter (T) or with induction for 5 generations at 25C (T).strongly underrepresented in the immunoprecipitates
(Figure 2E). This indicates that byr4p is found in a com-
Cdc14p, is not involved in regulating the phosphoryla-plex containing cdc11p when the latter is in the in-
tion state of cdc11p (see the Supplementary Material).terphase phosphorylation state, and this finding is con-
sistent with protein localization studies indicating that
cdc11p Phosphorylation In Vivo Requiresbyr4p, but not cdc7p, is present on the spindle pole
Association with the Spindle Pole Bodybody during interphase, when SIN signaling is inacti-
Two approaches were used to investigate whethervated [14, 15].
phosphorylation of cdc11p in vivo requires association
with the SPB. First, the phosphorylation state of cdc11p
was examined in sid4-SA1 cdc11-HA cells. At the per-Protein Phosphatase 2A (PP2A) Is Implicated in
Dephosphorylation of cdc11p at the End of Mitosis missive temperature (19C), exponentially growing cells
showed the expected forms (1) and (2) of cdc11p. How-The hyperphosphorylated form (3) of cdc11p decreases
in abundance at the end of mitosis [4]. Mutation of par1, ever, at 36C, when cdc11p is no longer associated with
the SPB [3, 4], most of the cdc11p was hypophosphory-the B-regulatory subunit of PP2A, rescues some SIN
mutants, including cdc11-136 [24, 25]. We therefore in- lated (form 1) (Figure 3B). Second, previous studies have
shown that increased expression of the C-terminal leu-vestigated the effect of the par1::ura4 mutant on the
phosphorylation state of cdc11p. Par1 null cells were cine-rich repeat domain of cdc11p produces a SIN phe-
notype, due to displacement of endogenous cdc11psynchronized by cdc25-22 arrest-release. Less than
10% of these cells had cdc7p on the spindle pole body, and spg1p from the SPB, while sid4p remains on the
SPB [3]. In these cells, the full-length cdc11p proteinconsistent with previous studies [25]. Significant levels
of hyperphosphorylated cdc11p (form 3) were already was predominantly in the hypophosphorylated form (1)
(Figure 3C).present in the arrested cells, and these levels did not
change as cells progressed through mitosis (Figure 3A). These data suggest either that binding to sid4p is
required for interphase phosphorylation of cdc11p (formSince cdc7p was not present on the spindle pole body
at the start of the experiment, this suggests that PP2A- 2), or that the kinase responsible is present only on
the SPB (note that these possibilities are not mutuallypar1p is required for dephosphorylation of cdc11p at
the end of mitosis. It is noteworthy that, in a par1 mutant exclusive). Interestingly, in all the kinase mutants we
have analyzed to date, the interphase forms of cdc11pbackground, not all of the cdc11p remains in the hyper-
phosphorylated form, suggesting that the decrease in were always present. Thus, assuming that the half-life
of cdc11p at the spindle pole body is shorter than onehyperphosphorylated cdc11p at the end of mitosis is
not due solely to the action on PP2A-par1p. Additional cell cycle, it is likely that none of them is solely responsi-
ble for generating interphase-phosphorylated (form 2)experiments indicated that flp1p, the S. pombe ortho-
log of the S. cerevisiae phosphoprotein phosphatase cdc11p.
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